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A B S T R A C T

We usc a sample of w 340 low surface brightness (LSB)  disk galaxies with measured

rcdshifts in combination with the Center for Astrophysics redshift survey to test the hy-

pothesis that LSB galaxies have a deficit of nearby companion galaxies compared to high
surface brightness (HSB) disk galaxies. We fincl a very strong statistical deficit of galaxies
located with a projected radius of 0.5 Mpc  and within a velocity of 500 km s-] around
LSB disks compared to HSB disks. Furthermore, comparing LSB and HSB disks which are

located in the same portion of the sky indicates that the average distance to the nearest
neighbor is 1.7 times farther for LSB clisks.  A KS test rules out, at greater than the 9970
confidence level, the hypothesis that the distribution of nea.rest neighbor clista.nces  is the

same for HSB and LSB disks, WC speculate that LSB disks have relatively long fornla-

tion timescales  and thcrcforc  must form in relative isolation. In acldition, the lack of ticlal
interactions over a Hubble time serves to suppress the overall star formation rate as no

external trigger is available to help clump the gas. ‘1’he observed low surface densities of
H I in combination with the low probability c)f ticlal  interactions effectively prevents these
disks from evolving very rapidly.
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1 .  I N T R O D U C T I O N

The evolutionary processes which clctcrminc the surface brightnmscs of galactic disks

remain enigmatic. Over the last five years, sufficient data in a variety of wavelengths has

been gathered (e.g., McGaugh  1992; Knczck  1992; Schombcrt  c-l al. 1992; Peletier  and

Willncr  1992;) to effectively dispel the once popular notion that the central surface bright-

nesscs of disk galaxies are a constant (see Freeman 1970; van dcr Kruit 1987). Instead,

central surface brightness (B(0)) spans a large  continuum of values but the space density

of galaxies as a function of B(0) remains unknown duc essentially to 50 years of selection

effects associated with the cataloging of gala.xics. An intensive effort to alleviate this sc-

lccticm effect has been pursuccl  by Schombcrt  et al. ( 1992) ancl Impey et az.  (1992). That

effort has now detected hunclrccls  of ncw disk galaxies WI1OSC  contrast with tllc night sky

background is only a few percent. This ncw class of galaxies, named low surface brightness

(LSD) galaxies, has properties which arc quite  clistillct  from those that clcfinc the Hubble

sequence (SCC McGaugh  1992).

The role that environment plays in the cvolutiml of galaxies also remains enigmatic.

The present arrangement of galaxies into cllwt.crs, low density but, large scale walls, or

shells surrounding large scale voids means that a wide range of environments exists. The

cxistcncc  of the morphology-density relation (cg Drcsslm 1980; Postman ancl GC1lCY 1984)

and the Butcher- Oender effect (Butcher and oclnlcr 1978; scc also Bothun ancl Drcsslcr

1986; Drcsslcr ancl Gunn 1990; Lavery  ci (L1. 1992) are tllc two most,  obvious examples of

cnviromncntal  influences on galaxy evolution. The physics of this influcncc,  as WC1l as its

duration and at which rcdshift it is most cffccti~c, llolvcvel, is Ilot, at all clear frcml the
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available data. For instance, the role of merging and galaxy evolution is now under intense

scrutiny. Some extreme positions (e.g., Schwcizer  ct az. 1990, Lavcry et al. 1992,  Carlbcrg

and Chariot 1992) suggest a rather larger merging rat c which has lead to the general

galaxy population. Others acknowledge that merging is occurring now but downplay its

overall prominence (e.g., Mihos  et al. 1992, Majewski et al. 1992, Zcpf  1992). A balancecl

perspective is offered by Hernquist (1992).

Clearly, mergers or interactions between galaxies will have the greatest probability of

occurring in a low velocity dispersion environment in which several gala.xics arc embedded.

The frequency of occurrence of galaxies in this type c)f environment clcpencls  both upon the

unknown details of galaxy formation and large scale struct~lrc  formation (e.g., the exact

shape of the power spectrum). For instance, excess power on large scales is conducive

to delayed infall of galaxies, which may have formed in relative isolation, towards denser

structures. Furthermore, if the mean surface briglltnms of a galaxy is related to the

amplit udc of the initial dcnsi t y pcrturba,t  icm from which it, formed, then there may well

bc a difference in the spatial clistributio])  of nigh and low surface brightness galaxies.

In particular, at a given mass, high surface brightness ( HS13 ) galaxies would form more

rapidly, from higher density perturbations ancl migl~t be more  strongly clust,crcd  and thus

cxpcricncc  more interactions cnwr a Hul>blc time:. JAB galaxies, cm the other hand might bc

mcmc weakly clustcrccl  and cxpcricllcc  less interactions. To elate, the clustering properties

of LSB ga.laxics  compared to HS13  galaxies have bcm] st~ldic{l  c)nl~’  on z] sc.alc  of 5-10 Mpc

(SCC Dothun et al, 1986; Thuan  et al. 1987; Schneider ci, ~11. 1990) anct little is known

about the smaller scale clustering prcq>ertics.



Recent observations by van dcr Hulst et al. (1992) and McGaugh  (1992) vividly

show that the surface densities of H I throughout LSD disks arc at or below the threshold

criterion for star formation established in I{cnnicutt  1989 (SCC also Impcy  ancl Bothun

1989). Without a mechanism to clump this gas, star formation is unlikely to proceed on

a large scale in these disks ancl hcncc  their evolutionary progress is temporarily static.

Indeed, it is unlikely that the star formation rate in the past in these galaxies was ever

very high since this would leave, as a trace, a HSB reel component of the stellar population.

In general, such a component is not seen in LSII disks with the pc)ssible  exception that

some of these galaxies do cent a in normal bulgcx. Hcncc, there must be some mechanism

which is operative in HSB disks but missing in LSB disks  to account for the clifference  in

star formation rates averaged over a Hubblc  t,imc.

A CIUC to this mechanism comes from the recent work of Zaritsky  and Lorrimar (1992)

W1)O llavc searched for companion gal~xics arol~]lcl  tile LS13 sam]>le c)f Inll)c:y et cd. (1992)

and found a significant deficit comparecl to a ccmtrcd  swnl~le.  ‘1’hey  spcculatc  that the lack

of tidal interactions in LSB disks acts to suppress star fc)rmation  a]lcl tc) kcwp the systems

relatively static. Such spcculaticm dots have solnc theoretical basis (see Laccy and Silk

1991 ) and indeccl,  the tendency for some giant,  I.SB dislis tc) be isolatccl  has been emphasized

previously by Bothun  et al. (1990) ancl may l~rovi[lc> a l<c~ tc) tl]cir forlnaticJn/survival  (SCC

also Hoffman, Wyse and Silk 1992).  While better statistics arc recluirccl  to further progress

in this area it has been our general inlprcssic)ll, based on rel)eated  visual inspection of

images of LSB gala.xics,  that there is sclclmn anotllcr cc)llsl~icuous galaxy nca.rby.
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In this paper, we seek  to quantify our visual impression by using redshift surveys to

compare the clustering properties of LSB and HSB disk galaxies on a scale of O-2 Mpc

in order to statistically asses any differences, should they exist. Section 2 describes the

LSB sample and the available control samples of HSB clisks  as well as our procedure for

identifying companion galaxies. Section 3 presents the results of this comparison where

it can bc seen that the statistics strongly bear out our visual impression. Section 4 then

discusses these results and suggests possible reasons why LSB ga.laxics  inhabit sparser

environments that HSB galaxies. All distances ancl scales arc derived using 1{0 = 100

km S– 1 Mpc-l .

2. Sample Characteristics and Reduction Technique

2.1 LS13 Sample

Almost by definition, redshifts of LSB galaxies are clifficult  to obtain by optical means,

unless they have a well-  cleflnccl  nucleus or bulge. I?ortlmatcly,  llowcvcr$  many c)f these LSB

disks arc rich in H I and thus mdshifts can bc obtaillcd  at 21-cm. ‘I’o elate, the largest

rcdshift surveys of LSB disk galaxies arc those of Bc)thun  cf, u1. (1986), Schombert  et al.

(1992) and Impcy  et d. (1992). The survey c)f Llotllun et u1. (1986) comes exclusively

from the UGC and the large scale clustering c.llar:ictclistics  of that sample have been

discussed by Bothun et al. (1986; scc also Schllcidcr ct u1. 1990). Most,  of those rcdshifts

I1OW appear in the reclshift  catalog maintained by tllc Ch]tcr  for Astrc)physics  (hereafter

denoted ZCA T). Furthermore, owing to the relatively poor  l~latc ]natcrial, tllc UG C sample

dots not go to nearly as low of surface brightness levc]s as those of Schombert et d. (1992)
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and Impcy  ct aL (1992) (see discussion in Schombert a.ncl Ilothun 1988).  Hence, we form

our LSB sample from the latter two recent surveys.

The Schombert  ei al. (1992) sample is derivccl  from visllal  inspection of the plates of

the Second Palomar Slcy Survey (POSS-11) and is confined to a narrow declination strip

locatecl  at 20 + 10°. The spatial distribution of those galaxies with measured rcdshifts,

together with the redshift distribution, is shown in Figure 1. The  Impcy  et al. (1992)

survey is a machine selected equatorial strip generated by A PhJ anal ysis c)f UK Schmidt

plates. Figure 2 displays the spatial and mclshift  clistril>l~tions  for that sample. The

appearance of ‘holes’ in the spatial distribution for 6 < 0 is a rcilcction  of the inability tc)

obtain H I rcdshifts form Arecibo  at those clcclinations.  As Impcy  et al. (1992) cliscuss,

the characteristics of this nmchinc sclectcd sample are similar to the POSS-11 sample.

Both surveys have a similar depth and both surveys have similar rcdsllift clistributions,

although the APM sample does ha.vc a. larger percentage c)f galaxies with v > 12,000

km S-l . hlost of these higher velocity galaxies have hacl their rcclshifts clc+crminccl from

optical spectroscopy instead of at 21-cm.

2.2 11S13 Comparison Sample

To form a comparison sample, we have searchecl  thrcmgl]  tile c:lectronic  version of

ZCA T as it was distributed in 1991 Octc)ber. Several criterion arc established tc) produce

the clesircd  cnd product, namely a sample of HS13 disk galaxies ~vitll  mcasurccl rcclshifts.  To

begin with, a magnitude and cliamcter  must bc tabulatccl,  to compute a surface brightness

which wc paramcterim  as a surface magnitude clefinccl  as
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S17X = lli~ + 510g(D)

where I) is the diameter measurccl  in arcscconc]s.  Magnitudes and clia.meters  gcmerally come

from the Zwicky catalog, the UGC ancl the ESO catalc)g.  Next wc use the morphological

information in ZCA T and only select objects which arc taggccl as having T > 1. Finally,

since the relation between velocity and dista.ncc  can become particularly contorted in the

Local Supcrcluster,  we restrict OLIr analysis of both the HSB and LSB samples to objects

with velocities ~ 2000 km s–] . This leads to a. sample of 5704 disk galaxies. WC now

apply onc additional velocity cut basccl  on the empirical observation that fcw galaxies in

the Zwicky,  UGC or ESO catalogs have velocities > 12,000 km s–l . After applying this

last criterion we arc left with a sample c)f 5493 disk galaxies. The clistribution c)f surface

magnitudes for that sample is shown in Figure 3. It is remarkably Gaussian which is a

likely manifestation of the selection effects first pointccl out by Disney (1976) combinccl

with large random errors in the: tabulated magnitudes ancl diameters. ‘l’c) further obtain

a sub-sample of HSB disk galaxies, we then select only tllosc galaxies with mean surface

brightness which is higher than the median shmvn in Figure 3. This leaves a sample of 2627

galaxies which have a mean surface lxightncss  of 23.75 + 0.61 mag arcsec-2  . Curiously,

this level of mean surface brightness is identical tc) the mean surface brightness of a Freeman

disk (e.g., II(O) = 21.65) within the B=25. O mag arcsec-”2 iscq>hotc  (ccluivalcnt  to the mean

surface brightness within H 3 scale lcngtlls). By cwnparisoll, tllc mean surface brightness

within 3 scale lcngtlls fc)r tllc typical IjS13 galaxy ill c)lll”  sanl])lc  is 1.5- 2.0 mag arcscc–2 less.

In addition to this global sample of HSB spirals cldlcd f~cml ZCA T , Jve furt,hcr divide it
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into two subsamples  whit.11 have the same sky covmagc  as the POSS-11 and APM surveys.

These two samples contain 870 and 137 galaxies rcspcctivcly.  The sparseness of the APM

HSB sample renders it of little LISC as a comparison sample. We include it here only for

the sake of complctcncss.

2.3 l?inding  Nearby Galaxies

Each individual HSB or LSB galaxy is then crc)ss-referenced with the entire contents

of ZCA T to search for other galaxies which are locatccl ~vitl)in  a certain velocity range ancl

projcctcd  radius (in Mpc).  These radius ancl velocity parall]etcrs arc somewhat arbitrary

lmt arc uniformly applied to both samples. Here, wc arc nc)t interested in applying any

“friends-of-friends” algorithm for purposes of group identification as others (e.g., Ramella

ci al. ) make that a specific fc)cus of ZCA  T analysis. Rather, wc wish to roughly estimate

the number of galaxies that arc locatccl in the same phase space element as an individual

LSB or HSB galaxy, Basecl on properties of known grcmps, wc scarcllecl  in a cylinclcr  of

radius  2.4 Mpc ancl depth 3: 500 km s–l . Tl)usl for cacll LSB or HSB galaxy, wc cycle

through ZCA  T and count the number of galaxies that are locatccl  within a projcctcd  radius

of 2.4 Mpc and have a velocity within 500 km s–] c)f that given galaxy. This yielded a

sufficient number of ‘hits’ pcr galaxy that wc arc able tc) bill tllc ra.clius parameter in units

of 0.5 hlpc and to then compare the mean numl)er  of nearby galaxies in 4 raclius intervals.

Iu adclition,  wc also record the actual clistributicm c)f projected separations for purposes

of doing a nca.rest-ncighbc)r analysis ancl to compare the cumulative clistril>uticms  bctwccn

the HSB and LSB samples using the KS test.
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Care  is taken to ensure that the search galaxy is not counted twice. In the case

of HSB spirals this is easily done as the velocity of the search galaxy is identical to the

listing in ZCA  T (since it was culled from ZCA T in the first place). For the individual

LSB gala~y,  determining if it already has an entry in ZCA  T is considerably more difficult

for two reasons: 1) if it is in ZCA  T then, in most cases, its velocity does not come from

the H I detections of Schombert  and Bothun (1988), Schombcrt  et al. (1992) or Impcy ei

al, (1992) and hence the velocity in ZCA  T is not identical to that listed in those sources.

Furthermore, there are small positional cliscrcpancics  bctwccn  ZCA T and our master LSB

catalog, Hence, we have assmncd that any ZCA T hit which has a positional difference of

< 10 ‘and a velocity difference of < 100 km  S–l is a real match to the search galaxy and

does not represent another nearby galaxy. Approximately 10 % c)f the tc)tal LSD sample

meet this criterion and inspection of the available image does not reveal another nearby

galaxy. 2) a small number of galaxies selected to bc LS13 arc, in fact, HSB galaxies which

pronounced LSB extensions (see Schombcrt  and 130thun 1988 fc)r mom detail). In general,

these galaxies have very peculiar morphologic ancl sonic sccnn to be of early type but have

pronounced shell structure around thcm. The ZCA T retry for these galaxies can consists

of 2 (or more) measurements as diffcmnt knots of emission nave I>ccn obscrvccl. A total of

8 LSB galaxies in the combined I’OSS + APLJ SaInPIC  ll~vc lNCII  lenlovcd  011 this basis.

3.0 Search Results

3.1 Possible Biases
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For our comparisons to be valid, wc must ensure  that there is no significant bias in

either the rcdshift distribution or the sky covcragc c]f ZCA  T conlparcd to the POSS-11 and

APM LSB surveys. For instance, if the median mclshift of the LSII samples was significantly

higher than that of ZCA  T, this would lead to an artificial reduction in the number of ‘hits’

found in ZCA  T for that LSB sample. Similarly, inadccluate  sky coverage in ZCA  T in the

LSB survey fields would also bias the comparison. The strip of sky corresponding to the

POSS-11 search (see Figure 1) contains 4482 entries in ZCA  T in the velocity range 2,000-

12,000 km s–] and covers w 1470 of the sky. This yields a surface clcnsity of = 0.8 ZCAT

galaxies pcr square degree, The strip c)f sliy ccmwsponding to the APM search contains

1051 entries in ZCA T and corresponds to about 5% of tllc sky. This yields a surface density

of w 0.5 ZCA  T galaxies per square clegrcc. This recluced surface clcnsity  is a reflection of

the lower mean galactic latituclc  of the APM survey. Heucc, the spatial clistribution of the

POSS-11 LSB galaxies better matches the current sky coverage of ZCA T. We will take this

factor into consideration in the subsequent analysis.

As discussed in ~ 2, wc have restricted tile velocity scarck range to 2000 < v s

12000”  ];nl s– ] for all samples. In the POSS search arm, tl~c mcclian rcclshift of the ZCA  T

sample is 6850 km s–l which, not surprisingly, is the apprc)ximate  mcclian rcdshift of

the Great Wall (see Gellcr a.ncl Huchra 1989). Fcm tllc LSD sample the mcclian rcdshift is

5 8 5 0  km s-] . The median reclshift  of tile  ZCA T sam]~lc il] the .APh’l  search area is 5750

IiIll S-] which reflects the Pcrscus-Pisces  Sllpcrclustcr. ThcI mcclian  rcxlshift  c)f the APM

sample is 7200 km s–] ; significantly lligllcr  tllall ZCA T and hence incompleteness in

the ZCAT sample will be lnorc significant ill this salnl~le. This coupled with the rcduccd
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surface density coverage of ZCA  T in

average of companion galaxies in the

POSS-11 sample. This is indeed bc}rne

the APhf  search area indicates that the ensemble

APM LSB sample  will bc artificially less than the

out in the analysis (SCC below) but we can partially

compensate for this bias by using velocity filtering on the data.

3.2 Comparison of Mean Number of Companions

The simplest statistic which can bc formulated just invc)lvcs  counting companions out

to a specified radius (% 2.4 Mpc in this case). While t,llis statistic carries virtually no

spatial information, it does provide a rough test c)f the hypothesis that LSB galaxies have,

on average, fewer nearby galaxies than HSB disk galaxies, Table 1 presents the results of

these raw counts. In table 1, column 1 specifics the sam]>lc  and cc)lumn  2 gives the velocity

range. Column 3 gives the projected raclim c)llt to wl]icll the counts vmre  made while

column 4 gives the number of galaxies llscd in fc)rmulati]lg  tile sample mean (column 5).

In general, mean quantities arc calculated after one cycle of 2.5 a rejection. The number

of rejcctcd  galaxies is given in parantllcsis in col~lnln 4. Tllc  first 6 rcnvs c)f Table 1 refer to

all companions cent aincd within a project ccl raclius  of 2.4 Mpc ancl tllc Incans arc formed

without any rejection. Error bars on these means rcl)rcsellt  loot NT counting noise. For the

remaining entries in this table mean counts arc givcul in annuli of width 0.5 Mpc. Error

bars arc a/~.

The basic result is that the combinccl APM + POSS LSB sample  is clcficicnt  in com-

panions at the 5.6 0 lCVC1 comparccl tc) HSB sl~irals  il] ZCA 7’. Note alsc),  tl]at since there

arc = 36,000 galaxies contained in Z(2’A T , 50(, of t llcln am located within a projectcc]

radius  of 2.4 Mpc frcml  scnne IISB spiral. Tllc Ilcxt,  level of analysis illvolvcs binning tllc
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data by radius and velocity. To account for possible velocity bias and differential incom-

pleteness  effects in sample comparisons, wc subdivide each HSB and LSB sample into two

vclocit  y regimes. The low velocity regime is clcfined  by 2000 < V < 7000 km s– 1 and the

high velocity regime is defined by 7000 < V < 12000 km s– 1 . Table 2 summarizes the

differences between the means, in units of u, in the ccnnparison  of various LSB and HSB

samples. The POSS and APM samples are compared at raclii  of 0,5,1 .0,1.5 and 2,0 Mpc to

the total HSB sample as well as to the rcspcctivc  HSB sample that covers the equivalent

area of sky. As stated earlier, the APM HSB comparison sample will not yiclcl significant

results owing to its small size.

Figure 4 graphically summarizes the informaticm  contained in Table 2, The plotted

error bars arc + 20 in length, The statistically poor APM HSB sample is omitted from

these Figures. A fuller cliscussion of these rcwdts  is l~rcsc]ltcd  in the next section. We

briefly note here that 1 ) in all velocity cuts and at, all racliws  bins, there is a highly

significant difference in the mean number of conlpallioll  galaxies between the HSB and

LSB samples, 2) the APM and POSS samples generally track each other very well, and 3)

ZCA T exhibits a more clustcrcd behavior in tllc POSS scare.h region tl]an over tl~c w1101c

sky. The differences arc particularly significant, at, tllc lligll velocity cncl which means that

the POSS search region has been more thoroughly COVCrCKl by ZCA T.

3.3 Nearest Neighbor Distribution

Another statistical test for investigating cliffercnc.cs  in the small sca.lc  environment

between HSB and LSB samples involves clctcrmining the meal] projcctcd  clistance  to the

Closest galaxy. However , in addition to noting tllc meal]  (liffcrrncc  wc can also apply the
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KS test on the respective cumulative distribution functions. This was clone by binning the

distance to the nearest projected galaxy in bins of wiclth 0.2 Mpc from O to 2.4 Mpc. These

results are summarized in Table 3 and graphically shc)wn in Figure 5. In table 3, column 1.

gives the sample, column 2 gives the number of ,galaxics  which have at least 1 companion

within a projected radius of 2.0 Mpc, column 3 gives the velocity range and column 4

gives the mean projected distance and its error to the nearest companion. Column 5 and

6 give the KS statistic D,,,az. The number in paranthcsis is the conficlcncc level that

D,,, ar cxcecds. For very large samples, D,,,a ~ asymptotically approaches a value of .163

at the 99% confidence interval, Clearly, the 1<S test strongly rejects the hypc)thesis  that

the distribution of nearest neighbor distances is the salnc fcw the HSB and LSB samples.

Importantly, the KS test also shows that the nearest neighbcw distributions for all the

various HSB samples are consistent with onc ~lnothcr and that tllc APM ancl POSS LSB

samples are consistent with cacll other.

4 Discussion

4.1 A 1.aCk  of Nearby Companions

The statistical results prescntcc]  in $ 3 strongly sllo~~~  that tl~crc  is a deficit of other

galaxies around LSB galaxies as comparecl tc) HS13 gal~xics. This clcficit  appears to bc quite

real. Wc can not account for any sclectiol] cffcxt  Ivllicll lvf)uld result in SUC1l  a pronounced

diffcrcncc.  For instance, both the visual search c)f tile 1’0SS and the machine search of

the APhfl were Mincl to the prcscncc  of other galaxies; that,  is, ~vc clicl not look only where

there were no other galaxies. Since the n~cdian rcdshifts of tllc ~wric)us HSB and LSB

samples arc rougldy  similar, this cleficicncy  of galaxies  ncarlj~’  t o LSB samples is also not
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the result of rcdshift incomplctcncss  in ZCA  T . Mmeovcr, although the clifference  in mean

nunhcr  of companions is very significant between all t hc LSD ancl HSD sarnplcs,  it is most

pronounced between the POSS LS13 sample ancl tl~c ZCA  T HSB sanlple  which is located in

the POSS search area. Wc emphasize that this area of the sky has been the most heavily

surveyed for inclusion in ZCA T and hence represents the fairest comparison, especially iu

the 2000 – 7000 km s–l velocity range.

From the data in Table 1 for the POSS LSB and HS13 samples, we scc that the deficit in

the number of galaxies grows from 0.89 + 0.0S at r ==0.5  Mpc to 2.71 + 0.40 at r = 2.0 Mpc.

The best fit linear slope for the POSS HSB sample to the 4 clata  points plottccl in Figure

4 is 3.08 + 0.18 compared to 2.42 + 0.24 for the LSII salnl)lc;  a marginally significant (2.4

a) diffcrcncc. Hence, normalized to the r =0.5  hlpc bin, the LSB sample wcmld  appear to

contain a deficit of galaxies at larger riidii  in compariscm  tc) the HSB sa.rnplc.  Hcnvcverl  to

draw this conclusion from examining the data ill this manner is quite  erroneous since the

~ =Q.(1 M1>c data point rcprescmts  1 (3 times  nlc)rc  prc)jcctecl  area. Therefore, the relevant

quantity to plot is surface density c)f galaxies. This is sho~vn in F’ig~~re  6, where the surface

density now includes the search galaxy itself. This Figure makes it quite clear that, in

all velocity intervals, the deficit bctwccn  HSB and LSB galaxies occurs primarily at small

radii. At progressively larger raclii, the surface clcllsity  around LSB galaxies smoothly

mergers with that around HSB gala.xics,  althcmgh  the apparently small diffcrcnccs  at r =

2.0 hlpc  remain significant.

This behavior is consistent with the results of tllc nearest ncighbcm  analysis shown in

Figure 5, where the largest cliffercncc  also c)ccllrs at the smaller radii. It is alsc) consistent
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with the assertions of Schombcrt  et al. (1992), Thuan et d. (1987)  and Botlmn et al,

(1986) that, on scales ~ 5 Mpc, there is no cliffmencc  in the spatial clistribution  of HSB

and LSD galaxies. Hence, the principle clifferencc  between the small scale cnvironrncnts

of HSB and LSB galaxies is that LSB galaxies tencl  to have significantly fewer galaxies

in their immediate vicinity. This result  is also highly consistent with the visual  search

results of Zaritsky and Lorrinmr (1992), conducted for the APM sample. Comparing the

POSS HSB and LSB samples indicates that, cm average, the nearest neighbor to a LSB

clisli galaxy is located 1.7 times farther than the typical scpa.ration  between a HSB galaxy

and its nearest neighbor. Interestingly, there is alsc) a cliflcmmcc  in the mean velocity

scpara,tion of companions between the POSS HSB allcl LSB samples. In particular, the

6740 galaxies found arounci the POSS HSB spirals have a mean velocity clifference  of -10

* 3 km s-] . An ensemble average of zero wcmlcl bc expc:ctccl  ill the case where all HSB

spirals are members of bound grcmps or clusters. CcmIwrscly,  tllc 625 companions found.

around the POSS LSB spirals exhibit a significant pccwliar  velocity c)f 207 + 6 lim s– ] ~,

which indirectly suggests that most 1,S13 clisks  arc nclt, c)l~ average, at rest  with respect to

]lcarby galaxies ancl hcncc  arc not mcmlxms  c)f bmulcl  grcml)s,

4.2 LSB Galaxies in Diverse Environments

‘Me results cliscussccl  abcnw show that, on average, LSII disk galaxic:s lack nearby

companions. But, dots this imply that all I,SIIS are sitllatecl  ill lc)c.ally  spamc cnvircmmcnts?

Figure 7 shows the distrilmticm  of the numhcr c)f colnpaniolls  ~vithin r = 0.5 ancl r == 2.0

hfpc  for the ccnnbined  APM and l>OSS LSB sample within the 2-7000 km s-] velocity

range. This Figure clcmonstratcs that, while LSB isolation on a scale c)f 0.5 hlpc  is common,
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it is rare on a scale of 2.0 Mpc as 80 Yo of the sample lmvc  at least onc c)ther  galaxy located

within that radius. Moreover, w 20 Yo c)f the sa.mplc  are locatccl  in populous environments

of 8 galaxies or more. Tables 4 and 5 list the 38 most isolatccl  LSBS and the 37 most

populous LSBS.  A populous LSB is defined as onc having either 3 or more companions

within a projected radius of 0.5 Mpc or 8 or more companicms  with a projected radius of

2.0 Mpc. An isolated LSB is onc dcfinccl  as having zero companions in ZCA T out to a

projected radius of 2.0 Mpc. Of course, there COUIC1  bc nearl>y projected galaxies that are

not in ZCAT and therefore we performed a visual inspection of the plate material for all

the galaxies listed in Table 4. Tile results of that,  inspection arc listccl in the comments

column, In most cases, this visual inspcc+ion  also revcalcxl  the galaxy to be isolated. In

a fcw cases, small galaxies were locatccl  ncarl]y  but these all appear to bc background

based on their HSB and small angular size. Hmvevcr, two galaxies (F893-11 ancl F683-1)

definitely appear to bc associated with companicms  Ivhose rmlsllifts  arc not (yet) in ZCA T

. For  the populous LSB galaxies, citl]cr the n~me of t,llc  briglltmt,  galaxy within 2.o Mpc

or that of a known structure near the galaxy is listccl  ill

The mean rcdshift  of the isolatc:cl  LSBS 3975 + 520

LSBS is 3084 + 480 km s–l ; no significant, difrercncc.

Tal)lc  5.

1<111 S-l while  that of the popular

Tllc distribution c)n the plane of

the sky of the isolatecl  a.ncl populous LS13S is shown in Figure 8 in velocity strips 1000

km S–l wide, Most of the popl]lc)us  LSBS alc assoc. iatcxl  Jvitll  k]lo~vn  large scale structures

such as the Cancer or Pcga.sus,  cm arc lc)catccl near grollps assc)c.iatccl  with the Pcrscus.-

Pisccs Supcrclustcr,  Con~a-A1367  structure, or t,lle A 194- A400 mmplcx.  Figuw  9 shows

tJ~c spatial distribution aromld the populous I,SBS listml  ill ‘1’able 5. Fcm thc)sc  in clusters

b
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(e.g.,  the F495 or F677 objects)  only one example is shown, In general, the LSB sits on the

edge of the distribution and only in a fcw cases (e.g., F544-1 in the NGC 772 group) does it

appear to be a real member of a group. In most cases, although them arc a large  number of

galaxies located within a projected radius of 2.0 Mpc, the LSD remains isolated on a scale

of 0.5 Mpc,  In some cases, (e.g., F61 1-1) the LSD is a true dwarf irregular galaxy  which

is a member of a small group. The distribution of the most isolatecl  LSB galaxies in the

lowest three velocity slices is somewhat Sporaclic  with only a loose association with known

structures. However, in the highest two velocity slims t]lcrc  is a clear clustering of objects

with 150 < ra < 200 and declination x 20°. This clustering is particularly apparent in

the highest velocity slice, The dominant structures in this part of the sky are the Coma

Supercluster (at mean rcdshift w 7000 km s– 1 ) as well as the Great  Wall. Most of the

isolated LSBS arc part of the Great Wall strllcturc, once again , indicating that they arc

reliable tracers of structure on large sca]cs. Most illll~c)rttl]ltl~~,  holvcver,  is that wc can

discern no difference in the ovcmll  morphology or lnean surface  brightness between the

isolatccl  and populous LSBS, Hence, if cnvirollment and surface bright,lless  are linlicd, then

it would appear to be tile small scale c]lvirolllncl]t (e.g., r < ().5 Mpc) which is the most

important.

4.3 Possible Reasons for LSD Isolation

In this subsection wc consider possible rcasolls  bcllil]d tl]r obscr~~cd  paucity of other

galaxies within 0.5 Mpc and within 500 km s–] of our sample of LSB clisk galaxies, Two

basic options spring to mind. The filst a]>pcals  to some int,rillsic format,ic)n  scenario while

the sc:cond  involves tllc effects of a lilnited ]l(~lnl~c]  (or ]]onc ) of tidal int,cractions  over
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a Hubble time. Although the mass-to-light ratios  of LSB disk galaxies are still not well

known, the available data is consistent with the iclea  that, at a given mass, LSB galaxies

represent lower initial density fluctuations. For any Gaussian filtering of a CDM power

spectrum, lower density fluctuations correspond to lower u ant] hence more common

tuations, For instance, at a mass scale of 1010 MO, a typical LSB disk forms from a

fluc-

0.50

fluctuation whereas a typical HSB disk forms from a 2.5cT fluctuation (see Mcgaugh  et al.

1993 for more details). The kcy to successful galaxy formaticm,  however, is that a fluctu-

ation is isolated and therefore allowccl  to collapse free from external perturbations. Most

low u peaks are located on the “shoulclers” of higher o pcalis  and hcncc  will quickly merge

into the formation of a single, denser object. Ullfc)rt~lllt\tcl~~,  current N-bocly simulations

lack the resolution to determine the statistics of isolated peaks ml a scale of 1 Mpc,  but wc

note here that potentially, the cxistcllc.c of tllosc isolated LS13 galaxies can help constrain

SLIC1l  higher resolution simulations.

In this sense,

formation because

the existence of isolated LSBS is not a confirmation of biased galaxy

the scales arc nlLIcl~  too slnal]. Biasing, ill tl]c colltcxt  of current gener-

ation N body

lCSS clustered

simulations, suggests that objects wllicl] forl~lc{l  from x la peaks shcmld  bc

on large scales (5-10 Mpc)  than objects wllicll  fonncd form the much more

rare 3U peaks. Those simulations, howcvm, call not bc easily extrapolated to smaller scales

to prcclict  that, on a size scale of 1 Lflpc,  lc)wcr  u l)caks  ~voulcl  l)rcfmcntially  be dcvoicl  of

nearby objects which fcmncxl from higher u peaks (e. g., 11 S11 gtllaxics).  Furthermore, as

clcmonstrated above, the overall surface density cnvironnlcnt  of LSB galaxies, on a. sca.lc

size of 2,0 Mpc,  is not vcr37 different tl]al) that, of HSII spi]als. Since  there is unlikely to
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be any physical difference between the formation of structure on 2.0 and 0.5 Mpc scales,

it seems quite improbable that isolated LSB galnxics result from some fundamentally dif-

ferent  manner of the collapse of initial clcmsity  pcrturbat  ions.

A more likely scenario, in the context c)f galaxy formation, appeals to an extension

of the argument for the existence of the morphology density relation (e.g., Dressier 1980;

Postman and Gcller 1984).

disks, relative to spheroids,

Here it is suspcctcd  that the longer formation timcscales of

makes it quite dif{icult for a disk to form in a high density

environment, Since a. lower initial density c.cmt rast na t ura.lly  leads t c) longer formation (col-

lapse) time then I.SB disks are particularly prone to being clcstroycd in dense  environments

(though remember, they are founcl  in 10C)SC  clustc’rs  SUC.1] as Canmr  ancl Pegasus). Hence, it

seems likely  that these objects dicl initially form in relative isolaticm ancl like other galaxies,

ha.vc since migrated to inhabit larger scale structures. This sccnaric) then suggests that,

since LSB galaxies are observecl  to have the siimc large scale clustering properties as the

rest of the galaxy popula.t  ion, they were mom wcakl y clustcrcd  at higher redshift.  Hence,

they may be related to the weakly clustercxl  popldaticm  of faint, blue galaxies obscrvccl by

Lilly et al. (1991) although we stress  that our sample of LSB c)bjccts are unlikely to be the

faclcd remnants of a higher redshift population ( sm Bal~ld  and Rces 1992) because they

are still cluitc blue,

Finally, wc consiclcr  the obvious. our sanll)le  of LSB galaxies tcncls  to avoid the group

environment, It is this low velocity clispcrsiml  c’1]~’ilol-lll]cllt  which is mcxst  conducive for

strong tidal interactions. Although LSBS arc alsc) founcl ill cllwttcws,  that cllvironmcnt  is
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not conducive to interactions due to the high relative velocities of the potential pa.rtici-

pant galaxies, The lack of ticlal  disturbances over a Hubble time may have two important

effects on the evolution of LSB disks. Mihos et al. (1991) have studiccl  the effects of an

interaction on both the stellar and gaseous distributions in clisk galaxies. They find that

most interactions result in an increase in the star formation rate as the gas is perturbed

and becomes more clumpecl,  McGaugh  et a(. al (1993) and van dcr Hulst  et al. (1992)

show that, in general, the H I surface density in LSB disks is below the suspected threshold

for star formation to occur. In acldition,  LS13 disks appear to 1X highly dcficicnt in molec-

ular material (Schombert  et al. 1990; Knczck  1992). Hence, without an external agent

to disrupt the gas distribution, these LSB galaxies will continlle to evolve slowly as the

time averaged star format ion rate remains low. A similar collcll~sion  has lmcn rcachcd by

Zaritsliy and Lorrimar (1992). OLlr LS13 salnplc also contains no examples of inner bars,

a feature that usually clocs  arise in a ticlal  cncmmtcr  ancl Ivllic.11  can dynamically channel

gas into higher density regions thus facilitating star formatiml

In addition to perturbing the star formation rate, ti(lal i]ltcractions  also cause mass

to bc lost from galaxies. Hence, isolaticm  from tidal interactions aids the survivability of

systems with low surface mass density and llencc low gr~vitatjio]la]  restoring force. ‘1’his

seems especially critical in the case of the very large LSB dislis sl~ch as Malin ] whose  scale.

lengths arc typically larger than 10 lipC. Indccxl,  most of tllcsc very large objcct,s  arc quite

isolated (SCC Knezeli  1992). However, wc cvnpllasizc  here tllatl,  average, cmr sarnplc galaxies

have only a factor of 4 less surface mass density (assullling silnilar  M/L as HSB spirals). If

anything, the M/L for LSB galaxies is lili[>l~ to 1.XI lligllm wllicll  \volIld  reduce the surface
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mass density discrepancy. In a purely exponential mass distribution, the 1/2 mass radius

occurs at 1.7 scale lengths, which corresponck+  to a. surface brightnms of 23.5 ma.g arcsec–2

for a Freeman disk. Tidal damage can be cxpcctecl to occur mostly at raclii  beyond the 1/2

mass point and this is borne  out both in simulations ancl observations of real interacting

galaxies (SCC h~ihos 1992). Since the typical central surfac.c  brightness of our sample LSB

galaxies is 23.0 mag arcsec ‘2 , then most of our sample galaxies woLdcl  easily survive a tidal

encounter and WOUIC1  not be totally destroyed if lcxatcd  in the group environment. Wc

thus believe that the lack of exposure to ticlal  i]ltcractic>ns  is more cficctivc  at supprcssin~;

the global star fornlation  rate and the overall cvc)l~ltic)nary  timescale  c)f the disk than it is

in preserving these objects to be cliscovcn-ccl  at the prcscmt  c])och.

5  Summary

We have USCC1 a sample of N 340 LSD galaxies with mcwsmml rcclshifts to investigate

their  small scale clustering characteristics in comparisc)n  with samples c)f HSB spirals culled

from the Center for Astrophysics rcclsl]ift  sllrvcy catalog. C;a]c has becll taken to minimize

any possible bias duc to incomplctcnms  in reclshift,  in either the HSB or LSB samples. In

addition to a w1101c  sky ccmlparison  sample of HSB spirals, we llavc fcmnccl subsamplcx

which duplicate the sky coverage of thc~ LSB sa)nples. This is particularly important in

tllc case of those LSB spirals sc~lcctccl  frc)m tllc l> OS S-l I sl~rvey  since  that region of the sky

shc)ws  the highest degree c)f c.lustering in ZCA 7’ . l’c) forlll  our a]lalysis  wc have scarchccl

through our master LSB catalog in conlbinatic)n  ~vith  ZCA T tc) find all galaxies which

arc locatccl within a projected radius c)f 2.() Nlpc  ancl Ivit, hin a I’clocity  of 500 km s– ] of
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individual HSB and LSB spirals. Based on a compariscm  of the rcktivc  populations in this

phase space we conclude the following:

1. There is a pronounced and highly significant, deficit of galaxies with projected

separations less then 0.5 Mpc in the LSB sample. The mean projcctcd  clistance to the

nearest  neighbor is sx 1.7 times farther for LSD than HSB spirals which arc located in the

same portion of the sky. A 1<S test rejects, at grca.tcr  tl]an tllc 99%0 ccmficlence  level, the

hypothesis that the distribution of nearest neighbor distances is same for HSB and LSB

spirals.

2. Although there rcma.ins a significant {lcficit c)f galaxies arc)ulld  LSIl galaxies out to

r = 2,0 Mpc, the rcspcctivc  surface clcnsitics  c)f HSB and LSD galaxies  being  to merge at

larger  radii. This is consistent with earlic:r  olmm’ations  (Bothun  ct al. 19S6, Thuan  et al.

1987, Schneider et al. 1990, Schombcrt  et al. 1992) that, cm scales  > 5 Mpc,  LSB galaxies

traCC OUt thC Sallle  StYUCtLII’CS  aS HSB galaXi~S.

3. Although LSB disks have a prcmouliccd deficit of ncarl>y  gal~xies,  not all LSBS

arc ccmfincd  to that regime. In particular, sm’cral LSBS are found in 100SC clusters or on

the periphery of groups. However, LSB clisks  arc very ralcly  ff)l~n[l insiclc  groups. Tl~crc

appears to be no difference bctwccn  the appearance cw meal]  surface l~rightncxs of the most

isolatccl  LSBS compa.rc  to the ones which arc f(mncl ill cw llcar fllc CIcnscst  rcgicms.

4. ‘The data arc consistent with tllc notion that LSB disli galaxies have cxpcricnccd

fewer tidal encounters, over a Hubblc  tilnc, ccmlpauccl tc) HSB sl)irals.  While the net effect

of this on the physical evolution c)f this systems is Ilot clear, ~vc llavc a.rguccl that the

lack of tidal intcractimls  serves tc) suppress tl]c overall star forlnation rate as an external
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trigger to clump the H I is not available. Without such a tidal trigger, the low observed

surface densities of H I in these systems rcnclers  their evolutionary rate rather slow. For

galaxies with a nom-ml  IMF, the mean surface brightness is a direct reflection of the average

star formation rate over a Hubble time. Hence,  it may WC1l bc that the distinguishing;

characteristic between HSB and LSB disk ,ga.laxics  is the net nmnbcr  of tidal interactions

that each has experienced over a Hubble time.

5. If LSB disks arc the result of initial density perturbations c)f relatively low ampli--

tudc, then their relative isolation on small scales  has a natural explanation on two grounds:

1) For any Gaussian filtered power spectrum, most 10JV clcnsity  contrast, low u peaks will

not he isolated and hence arc destined to morgcr early on with the rarer higher density per-

turbations  which eventually make luminous ga]axics. TO a~’c)icl this merger, would require

a low o peak that is well isol;it,c~cl. 2) IJOW {le]lsit,~~  cc)lltrast Pc’rtlllbations will have longer

collapse times and hence are more prone to dismptioll  in clcnse m]vironmcnts.  Hence, the

observation that many LSB disks arc relatively isolated is an additional manifestation of

the WC1l  cst ablishccl dcnsi  t~~–morphology  rcla t icm, I>llt is not, by itself, a manifestation of

biased galaxy formation,

WC C1OSC by emphasizing that thcw likely exists t~vo clistillct  classes c)f LSB galaxies;

only onc of which has been clisc~lsscd  here. 111 partic~~lar, ccmclusion  #5 is based on an

unproven assumption, namely that the: hJ/I., ratio of I,SB all[l HS13 dislis arc similar so

that LS13 directly reficcts  lower vc)lumc  ancl sllrface  Inass clc’llsity. It is, c)f course, possible

that LSII is reflecting a clim, nigh hi/L stellar l~{)l)lllation, in ~vllicll case the volulnc mass

density is not necessarily any lcnvcr than it, is fol liorlllal  galaxies. Currently, it is virtually
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inlpossiblc  to obtain the necessary dynamical clata for estimating M/L so this c~uestion  is

likely to linger for some time. If indeed some LSBS have high M/L then we might expect

to find thcm in high dcnsit y environments and indccxl  Impey et ~LJ. (1988) C1O find many

examples in the Virgo cluster. These, however, arc uniformly H I poor and devoid of

any current star formation, In addition, their mean surface l)rightness is at least 1 mag

arcscc- 2 lower than the typical H I rich LSB disk contained in this sample ancl they arc

typically an order of magnitude lower in total luminc)sity.  These cluster LSB dwarfs likely

have a very different formation and cvolutiollary  sccllario than we have outlined for our

sample of LSB clisks.

W C thank John Huchra. ancl the C’FA Rc(lshift Team for continuing to provide an

cxtrcmcly  valuable service to the astronomical colnmunity ~vhicll helped to make this

project feasible,
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Tal>le  1. Summary of Counts

Sample Vcl. Range Rad No, Gal. Mean Counts
km/s hfpc Galaxies

ALL HSB
POSS HSB
APM HSB
ALL LSB

POSS LSB
APM LSB

ALL HSB

POSS HSB

APM HSB

2-12000
2-12000
2-12000
2-12000
2-12000
2-12000

2-12000

2-7000

7-12000

2-12000

~-7000

7-12000

2-12000

2-7000

7-12000

2.4

2.4
2.4
2.4
p.~
2,4

0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.()
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.()
0.5
1.0
1.5
2.0
O.J
1.()
1.5
2.0
0.5
1.0
1.5
2.0
0.5
1 .()
1.5
2.()

~G~7

870
137
321
135
186

~55s (69)
~5(-j7 ((jo)
2551 (7G)
2537 (90)
1808 (50)
1809 (49)
1799 (59)
1785 (73)
754 (15)
752 (17)
751 (1s)
753 (16)
851 (19)
848 (22)
845 (25)
845 (25)
538 (lo)
533 (15)
5?9 (19)
527 (21)
3]~ (10)

313 (9)
313 (9)

3]p (]())
131 (G)
134 (3)
131 ((i)
131 (3)

91 (3)
91 (3)
91 (3)
88 (G)
30(1)
30 (1)
30(1)
30(1)

6.92 + 0.20
7.74 * 0.38
6.39 * 0.85
4.51 * 0.38
4.63 + 0.68
4.42 + o.53

0.76 + 0.02
1.90 + 0.05
3.21 + 0.08
4.68 + 0.11
0.85 + 0.03
2.19 + 0.06
3.77 * 0.10
5.56 + 0.13
0.58 + 0.04
1.10 * 0.07
1.s5 + 0.11
2.61 YO.15
1.02 * ().()5
2.14 +0.10
3.59 + 0.15
5.23 -+ ().21
1.13 + 0.06
2.35 + 0.12
3.93 + 0.18
5.74 + 0.24
0.80 + 0.09
1.71 +0.19
2<~2*  o.25
3.873:0.31
0.47 * 0.07
1.57 + 0.16
z.50 * 0.23
3.76 + 0.35
0.66 + 0.11
1#~~ -+ om~o
3.35 + 0.38
4.53 * 0.45
0.07 + 0.04
0.60 + 0.12
0,933:0.18
1.10 + 0.20
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Table 1, Smmnaryof  Counts

Sample Vel, Range R ad Nc). Gal. hflcan Counts
lim/s hlpc Galaxies

APM LSB 2-12000

~-7ooo

POSS LSB 2-12000 0.5
1.0
1.5
2.()

2-7000 0.5
1.0
1.5
2.()

7-12000 0.5
1.0
1.5
~,o
0.5
1.0
1.5
2.0
0.5
1.0
1.5
2.()

7-12000 0.5
1.0
1.5
2.0

1~~ (7)
130 (5)
130 (5)
131 (4)
89 (2)
89 (2)
8s (3)
89 (2)
44 (o)
43 (1)
42 (~)
42 (~)

176 (10)
180 (G)
1so (G)
180 (6)

83 (G)
85 (4)
84 (5)
85 (4)
97 (o)
92 (5)
cJ~ (5)

93 (4)

0.24 + 0.05 “!
0.94 * 0.14
1.82 + 0.21
3.03 + 0.32
0,46 * 0.09
1.36 + 0.20
2.52 + 0.31
4.11 + 0.46
0.11 + 0,05
0.23 -+ 0.09
0.52 * 0,14
1.11 * 0.22
0.19 + 0.04
0.78 + 0.10
1.50 + 0.16
~#p3 -+ 0.22

0.43 + 0.08
1.41 * 0.20
2.44 + 0.2S
3.84 * 0.44
0.10 + 0.04
0.18 + 0.05
0.51 * 0.09
().s2 -+ 0.13



Table 2. Difference in Mean Counts
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Sa.rnple  Vel. Range POSS POSS POSS 1’0SS APhI  APM APM APM
km/s 0.5 1.0 1.5 2,0 0.5 1.0 1.5 2.0

HSB ALL 2-12000
2-7000

7-12000
HSB POSS 2-12000

2-7000
7-12000

HSB APM 2-12000
2-7000

7-12000

9.6 6.6 6.2 4.9 13.8 9.4 9.9 10.2
4.0 4,0 3.9 3,0 4.8 3.7 4.5 3.7
7.4 7.6 7.5 5.6 8,1 10.4 9.6 8.9

10.S 7.1 6.8 5.8
5.9 4.3 4.0 3.1
6.9 7.2 8.0 7.1

2.6 4.3 3.6 3,7
1.7 1.5 1.9 1.1
0.5 3.2 2,1 1.5

Table 3. hlcamst iNciglllmr Summary

Sample No. Gal. Vel. Range
lilll/S

HSB ALL 2179
1666
513

POSS HSB 747
505
242

APhJ HSB 111
91
20 ‘

POSS LSB 100
75
25

APM LSB 120
76
44

2-12000
2-7000

7-12000
2-1 ~ofjo
2-7000

7-12000
2-12000
2-7000

7-12000
2-12000
2-7000

7-12000
2-12000
2-7000

7-12000

hican Dist. Poss 1<s APM ks
Mpc

0.G3 + 0.01 .23(99) ,23(99)
0.61 4: ().01 .21(99) .23(99)
0.70 * 0.02 .34(99) .32(99)
0.574- ().02 .~g(gg)
0.52 + 0.02 .29(99)
0.60 + 0,04 .36(99)
0.68 + 0.05 .19(95)
0.66 4“ ().05 .17(85)
0.703: 0.07 .36(95)
0.99 i ().06
0.90 + 0.07
].~5 * o.1~
0.91 + O.OG
0.79 + 0.06
1.10 + 0.08

—. —
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Table 4. The Most Isolatccl LSB Galaxim

Name  S a m p l e cY(1950) 6 ( 1 9 5 0 )  vclOcity  ccmmcnts

F834-2
F834-23

F851-6
F851-9

F851-14
F854-2

F855-28
F867-19
F892-10
F893-19
F893- 11
F893-5

F894-20
F894-2
F894-1
F6S2-1

F6S3-V2
F544-V1

F704-1
F704-V1

F638-1
F568-1
F568-3
F568-5
F638-4
F570-5
F574-3
F574-1

F579-V1
F511-V1

F651-1
F740-1
F743-1
F744-1

F745-V1
F674-V1

F674-1
F750-5

APM
APM
APM
APM
APM
APM
APM
APM
APM
APM
APM
APM
APM
APM
APM
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s
P o s s

03:36 :19.7
03:49 :42.0
09:11 :27.9
09:18 :03.9
09:27 :05.7
10:29 :51.8
10:35 :35.8
14:38 :30.2
22:54 :58.2
23:11 :59.4
23:22 :28.2
23:27 :52.0
23:32 :40.0
23:34 :47.4
23:49 :17.0
00:54 :55.2
01:19 :28.2
02:09 :42.6
08:20:4704
08:22 :09.6
10:15 :42.0
lo:Q3:Q~.~
10:24 :15.0
10:27:51.()
10:32 :04.8
11:22 :40.S
12:25 :38.4
12:35 :37.8
14:30 :31.8
14:30 :33.6
14:35 :12.0
20:17 :22.8
21:l(j:18.0
21:45 :11.4
~1:54:4~.8
22:09: 5.4
22:16:4352
~3:43:ol.s

+02:12:54
–01:39:23
–01:39:10
–oo:~8:o]
+02:25:~9
+02:4S:45
–-02:22:49
+00:49:56
–02:45:24
–00:02:08
–OO:1G:31
–00:07:08
–00:14:03
+01:39:21
+02:48:13
+10:05:36
+09:09:36
+18:15:OG
+1 O:12:3G
+09:23:12
+13:31:48
+22:41:00
+2~:~~:54
+2z:06:4~
+16:29:24
+18:04:54
+~o:~~:]~
+~~:35:]8
+22:59:00
+Q~:59:oG
+13:31:54
+09:28:36
+08:09:12
+11:57:12
+08:05:24
+15:29:06
+14:46:54
+11:1S:06

—.

3151
4976
6366
3507
6441
6592
(3249
2734
4605
4369
5p5G
5~lo
5~8fj
5p(-j3
5323
275(J
5680
5313
4237
6016
54’71
6526
5908
65s3
5856
4921

6777
6890
6302
(3294
6576
5493
2959
4663
3484
6047
6874
5367

isolated
isolated
nearby gal.; v=25,000
iscdatccl
small gal. nearby
no chart
isolated
isolatccl
small gal. nearby
iscdated
interacting
small gal. nearby
small gal. nearby
isolated
isolated
iscdated
N509 group N 2.5 Mpc  away
isolated
isolated
isolated
2 snlall gal. ~vithin  .2 Mpc
slnall  gal. .2 hlpc away
isolated
islatccl
isolated
isolated
slllall ~al. .2 M p c away
isolated
isolated
isolated
isolated
isolated
isolated
isolated
isolate(l
isolated
isolatml
isolated
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Nanle Sample Q!(1950) 6 (1950) velocity Major Gal. Conlnlents

P824-10
F824-9L)
1~824-9a
F826-31

F827-2
P827-5
F828-1
1~828-9
P831-4
1’831-3
1~831-6
1’831-8

P855-24
]<’859-8

F860-13
1~’863-2
P894-5
F539-2
17473-1
14’611-1
1~612-1
14’477-1

1~477-V2
1544-1
11’687-I
~561-2
F495-I
P495-2

F495-V1
1“638-3
1“573-3

11’721-V4
P650-V1

11’583-1
FG77-vl
14’G77-V4
1“677-V6

APM 00:25 :13.1
AFlvl 00:25 :43.8
APM 00:25 :43.8
APM 01:08 :17.1
APM 01:14  :01.8
APM 01:17 :24.7
APM 01:27 :54.1
APM 01:42 :29.8
APM 02:29 :09.4
APM 02:30 :05. I
APM 02:32 :24.1
APM 02:37 :42.1
APM 10:35 :51.6
APM 12:05 :30.2
APM 12:24 :30.7
APM 13:50 :10.8
APM 23:41 :48.3
1’0ss 0:20:39.0
Poss 0:23:20.4
Poss 1:17: 7.2
1’0ss 1:27:33.0
Poss 1:51:46.8
1’0ss 1:51 :43.8
Poss 1:58:35.4
1’0ss 2:37:42.6
1’0ss 8:12:27.0
1’0ss 8:13:46.2
1’0ss 8:26:  5.4
1’0ss 8:25:17.4
POSS 10:29 :50.4
1’0SS 12: 7: 8.4
1’0ss 14: 0:16.8
POSS 14:12  :58.2
1’0ss 15:55 :16.8
1’0SS 23:10 :19.2
POSS 23:22 :46.2
POSS 23:25: 4.2

+02:21 ;47
+03:06:26
+03:  OG:26
–00:04:03
+00:56:20
+00:27:36
+02:34:28
+02:03:46
+00:04:22
+00:23:51
+01:02:28
+02:12:45
+00:14:31
+-00:58:33
–00:37:50
+-00:22:34
–00:10:52

19:59:36
23:38:36
IG:31 :42
14:25:30
22:57:30
22:37:30
19:44:42
10:43:54
21:42:42
23:31:30
27: 2: 6
25:57:24
14:54:24
20:19:36
10:13:54
14:28:54
20:48:24
13:47:36
12:26:30
13:27:18

40G8
4036
3856
52!17
5091
4394
2115
5403
6334
6205
6927
6515
5741
5882
2228
3623
663(i
5716
5632
2166
2448
4779
5039
233(i
3662
4270
42G9
2162
2269
31(io
2494

5811
5’249
226’1
4705
36[;4
3882

N~C 128
N~C 128
NC;  C 128
NGC 430
N~C 430

IC 1694
NGC 520

Al 94 Sol>crc]llstcr
A194
A194

A194
A400 SU]X?rC]LIStCr

A400
A400
A400

C: OllliI  Slll)C~CIUStel’?

l)warf  in Virgo Supercluster

l’crsues-l’isccs
l’ersc’~ls-1’isces
l)warf Con~panion  ~o NGC 473?

l’crscus-l’iscw
]’ciw,~ls-l’iscc+
]’c.lse,,<-}’isccs

~~irgo SulJcrCll]s~cr
z\\17’1-23
}] O(llld (.0 NGC 5525?
11(’rculc’s  l“orcgl’ollncl  Grollp
I’cgasLls
l’egaslls
1 ‘Cgasm

_——..
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FIGURE CAPTIONS

Figure 1: Top panel: Spatial distribution of POSS LSII galaxies with measurccl

reclshifts.  Bottom panel: The distribution c)f redshifts.

Figure 2: Top panel: Spatial clistributicm  of APM LSB galaxies with measurecl

rcdshifts. Bottom panel: The distribution of rcclshifts.

Figure 3: Distribution of surface magnitudes for all spirals in ZCA  T with measurecl

rcclshift between 2,000 and 12,000 linl s– ] .

Figure 4: Mean number of cumulative companions at 4 radius bins. In each radius

bin the points are offset by 0.1 in the X-axis in order tc) prevent stacking of symbols.

Plotted error bars are t 2a in length.

Figure 5: Cumulative distribution functions for tllc projected distance to the nearest

companion galaxy for the 3 HSB ancl 2 LSB samples.

Figure 6: Surface density of galaxies as a flmction  of radius bin. In each radius  bin

the pc)ints are offset by 0.1 in the X-axis in order to prm’cnt  stacking of symbols. Plotted

error bars arc * 20 in lcngtll.

Figure 7: Histogram showing the nmnlmr of galaxies with the indicated nmnbcr  of

companions inside projected raclii of 0.5 and 2.0 h4pc.

Figure 8: Spatial clistribution  of isolated and lmp~llous  LSB galaxies. Open symbols

rcprcscnt  isolated galaxies while (Table 4 ) closed sylnbols rcq)lcscnt  1JO1JU1OUS  LSBS (Table

5).

Figure 9: Spatial distriblltion of other galaxies ar(mnd tllc l)cq>ulous  galaxies listed

in Table 5, The two circles have radii of 1.(I al~d  2.0 Mpc.
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